The programs studied in these three reports were chosen for two reasons: first, they were available to the National Institutes of Health, and second, they could be implemented on computers readily available to the National Institutes of Health. However the methods for evaluation reported here could be used at any other institution and are not dependent upon a specific program or computer system. The authors have a continuing interest in automated ECG analysis and may select for study additional programs, the treatment of ECG analysis of which differs significantly from the programs reported here. The results of these studies will be submitted for publication in an appropriate journal. Conclusions drawn from these studies including the present three reports represent the considered opinions of the authors and do not represent any official policy of the Department of Health, Education and Welfare.
IN THE PAST DECADE numerous computer
programs for electrocardiographic (ECG) interpretation have been developed and are now available for routine use. However the reliability of these programs has never been adequately evaluated. Disagreements between ECG interpretations by physicians and computer programs have occurred and the frequency of these disagreements reported in published studies has varied widely depending upon the specific computer program analyzed and the methods of analysis utilized by the authors. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] For example, in some studies the percentage and variety of abnormalities were small. In other studies the physician-reviewers were allowed to examine computer printouts before making a final judgment and thus were not constrained to specific fixed criteria.
In still other studies tables show agreement between computer program and physicians on the existence of an abnormality even though there was a severe disagreement concerning the nature of the abnormality (e.g., infarct vs arrhythmia). In most studies there was no separation of disagreements resulting from the application of different criteria from those disagreements which were a product of some fundamental error in computer programming. Unfortunately, the controversy generated by these conflicts has served only to confuse rather than clarify the problems involved. 18 The purpose of this paper, the first of a series of three, is twofold. The primary one is to introduce a method for evaluating ECG computer programs which avoids the pitfalls of previous studies, analyzes the program's performance accuracy, and enables the clinician to make a judgment as to the usefulness of a given program for his specific setting and needs. The second purpose is to apply this method to a specific program, namely, the experimental IBM program of 1971.
In the second paper of this series we apply the method described in this paper to two additional programs. In these first two This over-all rating did not involve minor disagreements, such as borderline undercalls or overcalls, small differences in measurement (e.g., borderline first degree atrioventricular block, axis deviation), minor differences in the severity of infarct or hypertrophy statements, or minor rhythm disturbances such as the presence or absence of a single premature atrial systole.
Results
The results are expressed in bar graphs ( fig. 1 ). The first bar in each graph reflects the sensitivity of the program relative to the readers and the last bar is an indicator of the specificity of the program relative to the readers. From these values for sensitivity and specificity two-by-two tables for our results can be constructed. The total number of cases for each table would be 1150 except in the instance of infarction, where the total is 1180 due to the fact that more than one infarct statement can be made on a given tracing.
Left Ventricular Hypertrophy (LVH)
The readers utilized the Romhilt-Estes point score system in diagnosing LVH. The experimental IBM program of 1971 utilizes a system which is similar but not identical in arriving at the diagnosis of LVH. Both systems have a weak and strong category, but for purposes of constructing figure 1 the statements were merged into a single LVH positive category.
There were no disagreements due to program error. However in four cases the statement of LVH was not made because the program found an unacceptable level of noise and rejected the tracings. Sensitivity Circulation, Volume 50. July 1974 with respect to the readers was 88.8% (142/160) and specificity was 95.3% (943/990) (see first and last bars).
Myocardial Infarction
The criteria used by the readers and by the IBM program are outlined in the Appendix of the second paper of this series. Both systems utilized three degrees of severity in their diagnostic language. In constructing figure 2, these three degrees of severity were merged into a single positive infarct category.
As might be expected in a field as complex as the electrocardiographic diagnosis of myocardial infarction, disagreements based on criteria differences were not uncommon. Program The cardiac rhythm was readily apparent in all of the tracings studied with the exception of one, which was therefore excluded. Differences between the readers and the IBM program with regard to distinguishing ventricular premature complexes from aberrant supraventricular complexes occurred very rarely and were catalogued as agreements. The IBM program makes the statement "undetermined rhythm" whenever a tracing fails to meet its logic and criteria for a specific rhythm diagnosis. In this study, such a statement was made in 24 cases, 18 of which were found to be atrial fibrillation, while the remaining six were normal sinus rhythm with first degree atrioventricular block. Thus, with the exception of this "undetermined rhythm" subgroup, criteria differences did not occur in this section of the data analysis. Therefore the bar graphs in figures [3] [4] [5] 4%) . In one of these tracings there was a normal sinus rhythm but with PVCs and a P wave of very low amplitude. The other tracing also exhibited normal sinus rhythm but this was punctuated by episodes of sinus arrest with ventricular escape beats. The specificity of the program with respect to atrial fibrillation is 99.8% (989/991) ( fig. 5, last bar) .
The IBM program and the readers utilized the same criteria in the diagnosis of first degree A-V block and therefore criteria differences did not occur. As shown in figure 6 (first bar) the program failed to identify nine of 61 tracings which had first degree A-V block. In six (9.8%), the statement "undetermined rhythm" was made. The three IBM errors (4.9%) consisted of two statements of normal sinus rhythm without further commentary, and one diagnosis of atrial fibrillation. Diagnostic failures occurred when the P waves were difficult to identify either because they were diminutive or because they were superimposed upon the preceding T wave. In every case in which the program made the diagnosis of first degree A-V block, the readers were in agreement; hence, the program's specificity in this category was 100% (figure 6, third bar). There were eight cases of second degree A-V block. The computer program correctly identified only two of these eight reflecting the difficulty it has in recognizing P waves superimposed upon preceding T waves. No false positive statements were made.
Intraventricular Conduction Delays
A total of four program errors was made (first and second bars, fig. 7 ). The cause of these errors varied and included failure to identify a small initial r wave in V,, mistakenly identifying a coarse fibrillary wave as an initial r, and falsely measuring the intrinsicoid deflection. Sensitivity with respect to the readers was 87% (103/118) and specificity was 97.8% (1009/1032) (see first and last bars of figure 7) . Over-all Performance Figure 10 depicts the over-all performance of the program. In 868 tracings (75.5%), the readers and the program were in agreement, while diagnostic disagreements were registered in the remaining 282. Detailed analysis revealed that 231 of these disagreements were based upon the utilization of different diagnostic criteria (20 
Discussion
The method of analysis utilized in this study has distinct clinical advantages. First Diagnostic disagreements based upon criteria differences occurred in 20.1% of our cases ( fig. 10) . Whether this precludes the use of the IBM program for our patient population remains an open question.
It is clear that the IBM program must be subjected to some system of human review, particularly with respect to complex problems such as second or third degree atrioventricular block, the R on T phenomenon, or two sequential premature ventricular beats (PVCs). In these areas the program's performance is unacceptable. Furthermore the program does not compare serial tracings recorded from an individual patient. At present this important task must be done by the human reader.
